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DNA damage induces cell cycle arrest and DNA repair or apoptosis in proliferating cells. Terminally dif-
ferentiated cells are permanently withdrawn from the cell cycle and partly resistant to apoptosis. To investigate
the effects of genotoxic agents in postmitotic cells, we compared DNA damage-activated responses in mouse and
human proliferating myoblasts and their differentiated counterparts, the myotubes. DNA double-strand breaks
caused by ionizing radiation (IR) induced rapid activating autophosphorylation of ataxia-teleangiectasia-mu-
tated (ATM), phosphorylation of histone H2AX, recruitment of repair-associated proteins MRE11 and Nbs1,
and activation of Chk2 in both myoblasts and myotubes. However, IR-activated, ATM-mediated phosphory-
lation of p53 at serine 15 (human) or 18 (mouse) [Ser15(h)/18(m)], and apoptosis occurred in myoblasts but
was impaired in myotubes. This phosphorylation could be enforced in myotubes by the anthracycline derivative
doxorubicin, leading to selective activation of proapoptotic genes. Unexpectedly, the abundance of autophos-
phorylated ATM was indistinguishable after exposure of myotubes to IR (10 Gy) or doxorubicin (1 �M/24 h)
despite efficient phosphorylation of p53 Ser15(h)/18(m), and apoptosis occurred only in response to doxoru-
bicin. These results suggest that radioresistance in myotubes might reflect a differentiation-associated, path-
way-selective blockade of DNA damage signaling downstream of ATM. This mechanism appears to preserve
IR-induced activation of the ATM-H2AX-MRE11/Rad50/Nbs1 lesion processing and repair pathway yet re-
strain ATM-p53-mediated apoptosis, thereby contributing to life-long maintenance of differentiated muscle
tissues.

The surveillance pathways that preserve genome integrity in
cells exposed to genotoxic agents represent a crucial mecha-
nism for multicellular organisms to ensure correct embryonic
development and tissue homeostasis (18, 50, 54). Since muta-
tions, chromosomal rearrangements, and changes in chromo-
some number are common features of malignant cells, efficient
DNA repair has long been proposed to play an important role
in cellular homeostasis. Failure to eliminate DNA lesions leads
to the formation of genetically unstable cellular progenies with
a tendency to malignant transformation (62).

While a number of studies have investigated the responses
of proliferating cells to genotoxic agents, very little information
exists on the effect of DNA damage in terminally differentiated
tissues. Proliferating cells activate the cell cycle checkpoints
in response to DNA damage to transiently arrest proliferation
and allow time for repair of the lesion (21, 57), thereby
preventing the spread of mutations to progeny (62). When
proliferation is aimed at generating differentiated tissues in
differentiation-committed progenitors, the DNA damage-de-

pendent cell cycle arrest is coupled with a transient block of
transcription of differentiation-associated genes (36, 40). This
“differentiation checkpoint” is proposed to allow global ge-
nome repair before the differentiation program begins.

In the skeletal muscle lineage, myoblasts proliferate, where-
as terminally differentiated myotubes are irreversibly confined
in a postmitotic state (23) and hence do not need to activate
cell cycle and differentiation checkpoints in response to geno-
toxic agents (40). Yet terminally differentiated cells are tran-
scriptionally active and retain the need to preserve the integrity
of the transcribed genome throughout the life span (25) by
specific strategies, such as transcription-coupled repair (33).
Nonetheless, little information is available on the ability of
proliferating versus terminally differentiated cells to detect the
lesion and propagate the DNA damage-activated signals (2,
24). Furthermore, while the apoptotic response of proliferating
cells following DNA damage has been recognized as an alter-
native pathway to prevent the formation of genetically unstable
progeny, it is still unclear whether terminally differentiated
cells undergo programmed cell death in response to genotoxic
agents. This issue appears to be of particular relevance given
the relative resistance of differentiated tissues to apoptotic
stimuli (52), a feature possibly related to the limited self-
regenerative potential of these cells. Since differentiated
tissues account for the largest component of the body in mul-
ticellular organisms, impaired apoptotic signaling in differen-
tiated cells may reflect a conserved mechanism to maintain the
body mass and long-term organ function.

DNA damage activates a variety of cellular cascades leading
to cell cycle arrest, DNA repair, and/or apoptosis (55). De-
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pending on the nature of the DNA damage, defined nuclear
pathways transduce the signal towards a specific response. For
instance, in response to ionizing radiation (IR), which pro-
duces double-strand breaks (DSBs), phosphorylation of his-
tone H2AX (�-H2AX) marks the actual site of damage (35).
This is believed to help assemble and/or stabilize multiple
protein complexes involved in DNA damage signaling (14).
One crucial activator of DNA damage response in cells ex-
posed to IR is the ataxia-teleangiectasia-mutated (ATM) ki-
nase (46, 58). Upon cellular irradiation, ATM rapidly auto-
phosphorylates at serine 1981, leading to dimer dissociation
and triggering kinase activity toward H2AX and a number of
transducers and effectors of DNA damage-activated pathways
(6). For instance, ATM activates the Chk2 kinase by direct
phosphorylation at Thr68 (1, 30–32). Activated Chk2 coordi-
nates a number of cellular processes in response to DSBs (10),
including cell cycle checkpoints as well as apoptosis by phos-
phorylating downstream effectors, such as Cdc25A, Cdc25C,
BRCA1, Pml1, and p53 (9, 11, 19).

In a parallel pathway, ATM directly phosphorylates p53 at
one specific, conserved residue, mouse serine 18 and human
serine 15, hereafter referred to as Ser15(h)/18(m), as well as
the p53 inhibitor MDM2, inhibiting p53-MDM2 interaction
and promoting p53-dependent gene expression (3, 5, 42, 46).
Phosphorylation of Ser15(h)/18(m) is also required for acety-
lation of the C-terminal domain of p53 by transcriptional co-
activators and contributes to IR-induced expression of p53-
dependent proapoptotic genes (15). The essential role of ATM
and Chk2 in the activation of cellular responses to IR by p53
induction is underscored by the radioresistance displayed by
certain cell types in ATM- and Chk2-deficient mice (7, 8, 49,
58, 59). In addition to ATM- and/or Chk2-dependent phos-
phorylation, recent studies indicate that a combination of ad-
ditional posttranslational modifications (e.g., acetylation) and
protein-protein interactions contribute to activate p53, and the
functional homologue p73, toward the selective induction of a
subset of genes which ultimately dictate the final cellular re-
sponse, cell cycle arrest or apoptosis (3, 17, 51).

In this study, we used a model of skeletal muscle differen-
tiation to investigate the responses of undifferentiated versus
terminally differentiated cells to genotoxic agents. In this set-
ting, undifferentiated myoblasts proliferate in the presence of
mitogens and differentiate into multinucleated myotubes upon
serum withdrawal. Myoblast-to-myotube transition entails a
number of sequential stages that reflect the genome repro-
gramming toward differentiation (23, 41). Essential events for
terminal differentiation are irreversible exit from the cell cycle,
repression of cell proliferation-associated genes, and expres-
sion of muscle-specific genes (53).

Downregulation and functional inactivation of genes impli-
cated in cell cycle checkpoint signaling, such as Chk1, ATR,
BRCA1, c-Jun, and E2F1, is a specific feature of myotubes (26,
41). Other effectors of DNA damage-activated responses, such
as c-Abl, are confined to the cytoplasm of myotubes (40). This
evidence underscores the extensive reprogramming that occurs
during terminal differentiation and suggests that undifferenti-
ated and differentiated cells might differ significantly in their
responses to genotoxic insults.

We performed a comparative analysis of the responses to IR
in muscle cells both before and after terminal differentiation.

This analysis revealed that the IR-activated pathway is inter-
rupted in myotubes at the level of Ser15(h)/18(m) phosphor-
ylation of p53, leading to the acquisition of an apoptosis-resis-
tant phenotype upon IR exposure. Among several genotoxic
agents that we tested, the anthracycline derivative Adriamycin
(doxorubicin), which causes cardiotoxicity by inducing apopto-
sis in differentiated cardiomyocytes (4, 22, 47), could enforce
Ser15(h)/18(m) phosphorylation of p53, leading to selective
activation of proapoptotic genes and apoptosis in myotubes.

MATERIALS AND METHODS

Cell culture and DNA damage. The murine C2C12 skeletal muscle cell line was
cultured in growth medium (GM; Dulbecco’s modified Eagle’s medium supple-
mented with 15% fetal bovine serum, 2 mM glutamine, and antibiotics). Differ-
entiation was induced by incubating the cells in differentiation medium (DM;
Dulbecco’s modified Eagle’s medium supplemented with 2% horse serum) and
was typically completed within 3 days. Quiescent cells were obtained by culturing
C2C12 cells to confluence and replating them in Dulbecco’s modified Eagle’s
medium supplemented with 0.5% fetal bovine serum for 36 h; at this time, 98%
of the cells are in a nonproliferating state, as determined by 5-bromo-2-deoxyuri-
dine incorporation.

The human and mouse primary satellite cells were cultured in D-Val MEM
(minimal essential medium supplemented with 10% fetal bovine serum, nones-
sential amino acids, 0.5% chicken embryo extract, 2 mM glutamine, and antibi-
otics). Differentiation was induced by incubation in DM and completed after 10
(human) or 4 (mouse) days. Mouse embryonic fibroblasts (MEFs) from wild-
type, p53 null, and p53 Ser18-to-Ala knock-in mice (15) were propagated in GM
and converted into muscle cells by infection with adenovirus encoding the MyoD
gene. After infection, confluent cells were incubated in DM to generate multinu-
cleated, differentiated myotubes, which were exposed to genotoxic agents to
evaluate the extent of apoptosis (see below).

When described, cells were treated with 10 ng of leptomycin B per ml and
5 �M MG132. IR was delivered with an X-ray generator (RT100; Philips
Medico; 100 kV, 8 mA; dose rate, 0.92 Gy min�1), and cell extracts were pre-
pared at the indicated times after radiation. When indicated, cells were exposed
to 0.5 to 1 �M doxorubicin for 24 to 36 h.

Plasmids, transfections, and luciferase assay. The p53-responsive luciferase
(luc) reporter genes PGL3p21-luc, Bax-luc (from S. Soddu), and pAE21Mdm2-
luc, along with pbabe-puro cDNA, were transfected into the C2C12 cell line by
electroporation with the Bio-Rad Gene Pulser electroporator at 0.27 kV, 125
�FD, and 200 �. After gene transfer, cells were cultured in GM supplemented
with 1 �g of puromycin per ml to establish C2C12 polyclones with chromatin-
integrated reporter genes as described above. Luciferase activity in these cells
was measured with a Lumat LB 9501 luminometer (Berthold) by following the
instructions of the Promega luciferase assay system. Primary mouse satellite cells
were transfected with pEGFP-F (green fluorescent protein [GFP] conjugated to
a farnesylation signal; BD Clontech) along with empty vector, p53wt, or the
Ser15ala mutant (5), with the Lipofectamine 2000 reagents.

Northern blotting and RT-PCR. Northern blotting was performed by extract-
ing total RNA with an RNA extraction kit (Oncor). RNA samples (10 �g) were
run on formaldehyde gels, transferred, and hybridized with the Quik-Hyb hy-
bridization solution from Stratagene according to the instructions. Full-length
cDNAs were used as probes for p21Waf1 and Mdm2, and internal cDNA frag-
ments were used as probes for Bax and glyceraldehhyde-3-phosphate dehydro-
genase (GAPDH).

Expression of IR- and doxorubicin-induced genes was analyzed by reverse
transcription-PCR (RT-PCR) amplification. Total cellular RNA was extracted
with Trizol reagent (Invitrogen) according to the manufacturer’s protocol from
myoblasts and myotubes treated with 0.5 �M doxorubicin for 24 h; 50 ng of RNA
was reverse transcribed and amplified with the SuperScript One-Step RT-PCR
(Invitrogen). The sequences of the oligonucleotide pairs were as follows: Bax
sense, 5�-CCCAAGCTTGGGCGAATTGGAGATGAACTGGAT-3�, and anti-
sense, 5�-CCGCTCGAGCGGCATCTTCTTCCAGATGGTGAG-3�; p21 sense,
5�-CCCAAGCTTGGGGACACCAGTGTCCACACTCTT-3�, and antisense,
5�-CCGCTCGAGCGGCTAAAAACTTCTCTGAGAAGGC-3�; Mdm2 sense,
5�-CCCAAGCTTGGGGAGTCTCTGGACTCGGAAGAT-3�, and antisense,
5�-CCGCTCGAGCGGCGTCTGTTCGGCCTTCTCCTC-3�; p53BP (53BP1)
sense, 5�-CCCAAGCTTGGGCAGCATTGAAAAAGAAGGCCA-3�, and anti-
sense, 5�-CCGCTCGAGCGGTCACAGGGGCTCACAAACTCT-3�; ATM
sense, 5�-CAGCAAAATCAAATGTATCAGC-3�, and antisense, 5�-TGACAG
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CATGAATTATTCTAGC-3�; and GAPDH, 5�-GGTGTCTTCACCACCATG
GAGA-3�, and antisense, 5�-GATGTCATCATACTTGGCAGG-3�.

Amplified PCR products were separated on a 2% agarose gel.
Western blotting and immunofluorescence analysis. Mouse monoclonal anti-

bodies DCS-270 and DCS-273, both specific for Chk2, were raised as previously
described (26). Other antibodies used in this study were against total p53 (Ab7
from Oncogene Research Products), phospho-p53 Ser15(h)/18(m) (Cell Signal-
ing), tubulin (Ab4 from NeoMarkers), phospho-HA2X (Ser139, from Upstate),
Nbs1 and MRE11 (from J. Petrini), phospho-Chk2 (Thr68, from S. Elledge),
muscle-specific myosin heavy chain (MF20 from M. Crescenzi), and ATM phos-
phorylated at serine 1981 (from Rockland).

Procedures for gel electrophoresis, immunoblotting, and immunofluorescence
staining of cells cultured on coverslips were described previously (19, 26, 27),
except that ATM blotting was performed after electrophoresis in 6% acrylamide
gels.

Immunoprecipitation and kinase assay. Chk2 kinase activity was measured in
human satellite cells transfected with Myc-tagged Chk2. Recombinant glutathi-
one S-transferase-Cdc25A protein was used as a substrate. Myc-tagged or en-
dogenous Chk2 was immunoprecipitated from whole-cell lysates of myoblasts
and myotubes, and Chk2 activity was determined as described before (19).

Cell viability and TUNEL assay. Cell survival was measured with the rapid cell
viability assay (Oncogene Research Products). Cultured cells were grown in a
96-well microtiter plate and tested for their viability for several days after IR.
Apoptosis was detected with the in situ fluorescein cell death detection kit
(Roche) on cytocentrifuge slides. Both mock-treated and treated cells were
collected at 36 h after doxorubicin treatment (1 �M) or 48 h after IR (20 Gy),
cytocentrifuged onto a microscope slide, and stained for terminal deoxynucle-
otidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL).

RESULTS

DNA damage-dependent phosphorylation of histone H2AX
and recruitment of MRE11-Nbs1 at the sites of DNA damage
in both proliferating myoblasts and terminally differentiated
myotubes. We investigated the response to DNA damage in un-
differentiated versus terminally differentiated cells with mouse
C2C12 and primary human muscle cells as in vitro models of
skeletal myogenesis. In these systems, differentiation is reca-
pitulated by the fusion of mononucleated, undifferentiated myo-
blasts into multinucleated differentiated myotubes (41).

The ability of proliferating cells to recognize the DNA lesion
inflicted by genotoxic agents is reflected by the rapid phosphor-
ylation of histone H2AX (�-H2AX), a signal to coordinate as-
sembly of the DNA repair machinery, such as Nbs1 and MRE11
(12, 35, 56).

In situ immunostaining analysis of human satellite myoblasts
and myotubes revealed comparable induction of nuclear foci
containing phosphorylated �-H2AX upon exposure to IR (Fig.
1A). Myosin heavy chain counterstaining was used as a marker
of differentiation in myotubes. The nuclear redistribution of
MRE11 and Nbs1, from a diffuse staining pattern to discrete
foci, is a typical cellular response to IR-induced DNA damage
and reflects their involvement in DNA repair and checkpoint
signaling (29). MRE11 and Nbs1 displayed a diffuse nuclear
distribution in untreated cells and readily redistributed into
nuclear foci in both myoblasts and myotubes exposed to IR
(Fig. 1B and C).

These results demonstrate that DNA damage-dependent re-
cruitment of lesion processing and repair proteins at DSB sites
operates in undifferentiated as well as terminally differentiated
muscle cells, suggesting that upstream events in the pathway
responsible for damage detection, repair, and early signaling
are maintained throughout the establishment of terminal dif-
ferentiation.

Activation of Chk2 in response to DNA damage in both
proliferating myoblasts and differentiated myotubes. Among
the DNA damage-induced kinases, Chk1 and Chk2 are Ser/Thr
kinases that coordinate cell cycle progression with DNA repair
and cell survival or death (9). We have previously shown that,
while Chk1 expression declines during the differentiation pro-
cess, Chk2 levels are maintained in differentiated myotubes
and the protein retains the ability to be activated (26).

We investigated IR-induced phosphorylation of Chk2 by
ATM in muscle cells. ATM phosphorylates Chk2 on Thr68 (1,
32), and this modification is an activating signal in response to
DNA damage (9, 16, 31). Caffeine inhibits ATM kinase activity
and abolishes cell cycle checkpoints in several mammalian cell
types (13, 43, 44, 48, 61). In both C2C12 myoblasts and myo-
tubes, exposure to IR caused a prominent shift of Chk2, pos-
sibly reflecting protein phosphorylation, which was reversed by
treatment with caffeine (Fig. 2A), suggesting that Chk2 under-
goes ATM-dependent phosphorylation in response to IR re-
gardless of the differentiation status. Specific Chk2 phosphor-
ylation on Thr68 can be detected by Western blotting with
antibodies selectively raised against phosphorylated Thr68.
Since the phosphorylation-specific antibody can recognize only
the human residue, a human Chk2-Myc-expressing vector was
transfected into the mouse C2C12 cell line. After transfection,
cells were maintained in either the presence or absence of
mitogens to achieve the formation of myoblasts and myotubes,
respectively.

By immunoprecipitation with anti-Myc antibodies, human
Chk2 was isolated from both proliferating and differentiated
cells, and phosphorylation on Thr68 was detected by Western
blotting with a phosphorylation-specific antibody (Fig. 2B,
lanes 3 and 6). Pretreatment with caffeine reversed this phos-
phorylation (Fig. 2B, compare lanes 3 and 4 and lanes 6 and 7).
To confirm the IR-induced phosphorylation on Th68 of en-
dogenous Chk2 in human myoblasts, we performed an in situ
analysis with human satellite cells (Fig. 2C). Both human myo-
blasts and myotubes were irradiated, fixed, and stained with
the phosphorylation-specific Thr68 antibody; the immunoflu-
orescence analysis confirmed that endogenous Chk2 was phos-
phorylated in both cycling and differentiated cells after IR.
This modification was again reversed by caffeine pretreatment
(data not shown).

The activation of Chk2 kinase following DNA damage-in-
duced Thr68 phosphorylation was further demonstrated in hu-
man satellite cells by measuring the kinase activity of endoge-
nous Chk2 toward the Cdc25A fragment in an in vitro kinase
assay (Fig. 2D). The results presented in Fig. 2 show that Chk2
kinase is activated after IR by a caffeine-sensitive pathway in
both proliferating and postmitotic cells, albeit with moderately
different kinetics. Collectively, these data demonstrate that
Chk2 is expressed, localized, and activated by DSBs in a com-
parable fashion during the cell cycle and after terminal differ-
entiation of muscle cells, indicating that the pathway of Chk2
activation by DNA damage is preserved during the differenti-
ation process.

Impaired p53 Ser15(h)/18(m) phosphorylation and stabili-
zation in terminally differentiated myotubes exposed to IR. To
further investigate the signaling cascade evoked by IR expo-
sure in proliferating versus differentiated cells, we analyzed
posttranslational modifications and protein stability of p53, a
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downstream transcriptional effector of DNA damage-activated
signaling.

Figure 3A shows that in nonirradiated proliferating myo-
blasts, the p53 protein was almost undetectable, and as ex-
pected, its expression was induced upon exposure to IR. In
terminally differentiated myotubes, the basal level of p53 was
higher than in untreated myoblasts (Fig. 3A, compare lanes 1
and 3). Interestingly, IR exposure did not cause any further
increase in p53 protein abundance. This result suggests that
differentiated muscle cells become refractory to further stabi-
lization of p53 in response to DSBs and prompted us to inves-
tigate the signaling leading to p53 activation in response to IR
in myoblasts and myotubes.

Phosphorylation of p53 at Ser15(h)/18(m) by ATM (or other
DNA damage-activated kinases, such as ATR and DNA-PK) is
a well-known activating signal in response to IR. In prolifer-
ating C2C12 myoblasts, p53 phosphorylation at Ser18 could be
detected after exposure to IR and was reduced by caffeine
pretreatment (Fig. 3B, lanes 1 to 4). In contrast, no phosphor-
ylation of Ser18 was observed in C2C12 myotubes exposed to
IR (Fig. 3B, lanes 5 to 8). However, the experiment reported in

Fig. 3B does not distinguish between the acquisition of a ter-
minally differentiated phenotype in postmitotic myotubes and
the reversible cell cycle arrest occurring in myoblasts prior to
terminal differentiation.

To address this issue, we tested whether the inability to
phosphorylate p53 on Ser18 is a feature of terminal differen-
tiation or simply reflects exit from the cell cycle by comparing
proliferating myoblasts, differentiated myotubes, and undiffer-
entiated myoblasts rendered quiescent by serum starvation
(39). Although differentiated myotubes and quiescent myo-
blasts are both arrested in the G0/G1 phase of the cell cycle
(with DNA content typical of G0/G1 in approximately 92% of
myotube nuclei and in approximately 91% of serum-starved
myoblasts), the latter cells do not express differentiation mark-
ers and are able to reenter the cell cycle upon mitogenic stim-
ulation (39).

A time course analysis comparing IR-induced Ser18 phos-
phorylation of p53 in proliferating, differentiated, and quies-
cent C2C12 cells revealed that this signal is impaired only in
differentiated myotubes, while quiescent myoblasts are still
competent to activate Ser18 phosphorylation (Fig. 3C, upper

FIG. 1. IR induces H2AX phosphorylation and recruitment of MRE11 and Nbs1 in both myoblasts and myotubes. In situ analysis of proteins
involved in the DNA damage response is shown. Human satellite cells were grown to obtain both myoblasts and myotubes. Both were mock or
gamma irradiated (10 Gy); fixed at 2 h post-IR; stained with antibodies against H2AX (phospho-Ser139) (A), Nbs1 (B), and MRE11 (C); and
visualized with rhodamine-conjugated secondary antibodies. Myosin heavy chain (MHC) counterstaining was used as a marker of differentiation
and revealed with a fluorescein-conjugated secondary antibody.
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panels). These results indicate that the resistance to IR-induced
p53 phosphorylation at Ser18 is coupled to a concomitant
irreversible cell cycle withdrawal and the establishment of ter-
minal differentiation.

Interestingly, Fig. 3C shows that increased Ser18 phosphor-

ylation in response to DNA damage correlates with the accu-
mulation of p53 in cycling myoblasts. This suggests that p53
activation by IR can be achieved in myoblasts by both protein
accumulation and phosphorylation. In contrast, in quiescent
myoblasts and in myotubes, the amount of p53 accumulated in

FIG. 2. Chk2 is activated by IR in both myoblasts and myotubes. (A) C2C12 skeletal muscle cells were cultured to obtain myoblasts (lanes 1
to 3) or myotubes (lanes 4 to 6); cells were irradiated with 10 Gy (lanes 2, 3, 5, and 6) and, in order to inhibit the checkpoint kinase ATM, pretreated
with 5 mM caffeine (lanes 3 and 6). (A) Western blotting analysis was performed to detect Chk2 and its phosphorylation status (upper band). The
slower-migrating upper band was abolished by caffeine treatment. (B) Proliferating C2C12 cells were transfected with 10 �g of Chk2-Myc-
expressing vector and subsequently maintained in the presence of mitogens (myoblasts; lanes 2 to 4) or shifted to differentiation medium for 3 days
(myotubes; lanes 5 to 7). Both were either mock-treated (lanes 2 and 5) or irradiated (lanes 3, 4, 6, and 7), together with a pretreatment with 5
mM caffeine when indicated (lanes 4 and 7). Samples were collected 2 h posttreatment and immunoprecipitated with Myc antibody, followed by
immunoblotting analysis with a specific antibody for phospho-Thr68 Chk2 (upper panel) or total immunoprecipitated Chk2 (lower panel).
(C) Human satellite cells were cultured to obtain either myoblasts or myotubes; both were mock or gamma irradiated (10 Gy), fixed 2 h later, and
double stained with antibodies to Thr68-phosphorylated Chk2 and myosin heavy chain (MHC; differentiation marker). (D) The Chk2 kinase assay
was performed with both myoblasts (lanes 1 to 5) and myotubes (lanes 7 to 11) derived from human satellite cells, irradiated, and collected at the
indicated time points after IR; the Chk2-related kinase activity was measured, and the activation is indicated below the panel.
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response to mitogens withdrawal was not further upregulated
by IR, yet quiescent myoblasts are permissive for Ser18 phos-
phorylation in response to DSBs (Fig. 3C, middle panels).
Interestingly, phosphorylation of p53 at Ser18 in quiescent
myoblasts exposed to IR was sufficient to trigger an apoptotic
response, although of a magnitude reduced by 20% compared
to the apoptosis observed in myoblasts (data not shown).

Accumulation of p53 in myotubes following proteasome or
nuclear export inhibitors does not correlate with functional
activation. The data presented in the previous section indicate
that p53 is subjected to regulation specific to the different
stages of myogenic differentiation. The results also indicate
that p53 accumulates in terminally differentiated cells; how-
ever, these cells lose the ability to further activate p53 in
response to IR.

To investigate the potential of differentiated cells to activate
p53 by IR-independent mechanisms, we compared the ability
of myoblasts versus myotubes to accumulate p53 and promote
its function in response to stimuli that interfere with p53 lo-
calization and degradation.

Accumulation of nuclear p53 was experimentally induced by
treatment with either the general inhibitor of the nuclear ex-
port leptomycin B or the proteasome inhibitor MG132. Both
proliferating and differentiated C2C12 cells were exposed to
these agents with and without IR; p53 accumulation was mea-
sured 4 h after treatment and is plotted in the diagram in Fig.
4A. Upon leptomycin B and MG132 treatment, p53 protein
levels increased in myoblasts and, to a lesser extent, also in
myotubes. The same setting was employed to monitor p53
transcriptional activity with C2C12 cells stably transfected with
the Mdm2-luciferase reporter gene (Fig. 4B). While an in-
creased amount of p53 in myoblasts correlated with augmented
transcriptional activity, in myotubes the p53 accumulated in
response to leptomycin B or MG132 treatment failed to
activate a p53-responsive template (Fig. 4B). Taken together,
these data show that myotubes are permissive for p53 accumu-
lation over the basal levels, but the protein increase does not
correspond to augmented p53 transcriptional activity.

FIG. 3. p53 is differentially modified and regulated in proliferating
and differentiated cells. (A) C2C12 cells were used to obtain both
myoblasts (mb) and myotubes (mt). Cells were mock or gamma irra-
diated (10 Gy), harvested 4 h post-IR, and analyzed by immunoblotting
with p53 or tubulin (loading control) antibodies. (B) Myoblasts (lanes
1 to 4) and myotubes (lanes 5 to 8) were mock or gamma irradiated,
collected at 30 and 60 min after IR exposure, and treated with 5 mM
caffeine (lanes 4 and 8). An immunoblotting analysis was performed
with the phospho-p53 (specific for Ser15 or 18) and tubulin antibodies.
(C) Time course immunoblotting analysis of C2C12 cell-derived myo-
blasts (lanes 1 to 6), myotubes (lanes 7 to 12), and quiescent cells
(lanes 13 to 18) irradiated with 10 Gy. Treatment with 5 mM caffeine
(lanes 6, 12, and 18) was initiated 10 min before exposure to IR. The
upper panels show p53 phosphorylated on Ser15(h)/18(m); the middle
panels show total p53; and the lower panels present the tubulin loading
control.

FIG. 4. p53 accumulates in both myoblasts and myotubes, but in
differentiated cells p53 is no longer activatable. (A) p53 protein level
after leptomycin B and MG132 treatments. C2C12-derived myoblasts
(open bars) and myotubes (solid bars) were mock (lanes 1 to 3) or
gamma irradiated (lanes 4 to 6) before treatment either with the
nuclear export inhibitor leptomycin B (LMB) (lanes 2 and 5) or the
proteasome inhibitor MG132 (lanes 3 and 6) and collected 2 and 4 h
after the treatment, respectively. p53 and tubulin protein levels were
detected by immunoblotting analysis, measured, and normalized with
a densitometer; the resulting values were plotted in the graph, setting
p53 basal levels in myoblasts and myotubes to 100. These values are
from one experiment representative of four different experiments car-
ried out under the same conditions. (B) p53 transcriptional activity
after leptomycin B and MG132 treatments. C2C12 cells stably trans-
fected with the Mdm2-luc vector were treated as in panel A, and
luciferase activity was measured; the graph shows the relative induc-
tion of luciferase activity after the treatment(s).
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Terminally differentiated cells do not activate p53-depen-
dent transcription in response to IR. Next, we compared the
ability of IR to activate transcription of p53 target genes in
myoblasts and myotubes. To this end, we generated polyclonal
C2C12 cell populations stably transfected with luciferase re-
porter genes under the control of different p53-responsive pro-
moters. We analyzed the promoters of genes involved in prop-
agating three distinct functions of p53: p21 (cell cycle arrest)
(28), Mdm2 (regulator of p53 turnover) (38), and Bax (apo-
ptosis) (45). The cells with stably integrated reporters were
either cultured as myoblasts or induced to differentiate into
myotubes, irradiated, and collected at the indicated times after
IR. The activity of all three p53-dependent reporters invariably
increased after IR only in myoblasts. In contrast, myotubes
were resistant to IR induction of p53-dependent transcription
despite showing somewhat increased higher basal activity of
the luciferase templates, as reported previously (37, 40) (Fig.
5A, B, and C). Consistently, Northern blot analysis revealed
that IR activated the expression of endogenous p21, Mdm2,
and Bax mRNA in myoblasts, with a peak of induction within

the first 4 h following irradiation, but failed to stimulate tran-
scription of these genes in myotubes (Fig. 5D).

Myotubes exposed to IR are resistant to cell death. Activa-
tion of p53 target genes in proliferating myoblasts induces
either cell cycle arrest or apoptosis. Myotubes are permanently
confined at the G0/G1 phase of the cell cycle, and the increased
basal activity of p53 in these cells may reflect a role for p53
during induction of differentiation (37). Moreover, one p53
target gene, the cell cycle inhibitor p21, is typically upregulated
in myoblasts induced to differentiate, although the contribu-
tion of p53 to such an event seems to be only marginal (34).
The data presented in Fig. 5 show that p53-responsive genes
are not further induced by IR in myotubes, underscoring their
postmitotic phenotype but also suggesting that the lack of p53
upregulation may be causally linked to the impaired ability of
myotubes to undergo apoptosis in response to IR.

To test this hypothesis, we analyzed the long-term effects of
IR on the survival of myoblasts and myotubes by means of
established cell death assays. During the first 4 days after
irradiation, myotubes displayed higher survival than myoblasts
(Fig. 6A). At 5 days post-IR, virtually all the myoblasts had
died, whereas myotubes could survive for at least 10 days
postirradiation (data not shown). The same information was
obtained by measuring apoptosis in irradiated myoblasts and
myotubes by TUNEL. Apoptosis was detected in a large pro-

FIG. 5. IR does not induce p53 activity in myotubes and this cor-
relates with the impaired activation of p53 target genes in differenti-
ated cells. (A, B, and C) Luciferase assay. C2C12 polyclones were
established after transfection with (A) p21-luciferase, (B) Mdm2-lu-
ciferase, and (C) Bax-luciferase reporter vectors and antibiotic selec-
tion (see Materials and Methods). These cells were grown to obtain
both myoblasts (open bars) and myotubes (solid bars), exposed to IR
(10 Gy), and analyzed at the indicated time after IR. The values are
expressed as induction relative to basal levels (1 RLU) of reporter
activity in myoblasts and myotubes. (D) Northern analysis. C2C12-
derived myoblasts and myotubes were mock or gamma irradiated (10
Gy), and the RNA was extracted at the indicated times after IR. A
Northern blot analysis was performed with the p21Waf1, Mdm2, and
Bax probes; the filter was normalized by glyceraldehhyde-3-phosphate
dehydrogenase (GAPDH) hybridization.

FIG. 6. Myotubes exposed to IR display higher survival than pro-
liferating cells and are resistant to apoptosis. (A) C2C12-derived myo-
blasts (open triangles) and myotubes (solid circles) were mock or gamma
irradiated, and survival was assessed by measuring MTT [3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide thiazole blue] uptake
for several days after IR. The diagram shows MTT uptake as a percentage
relative to the uptake of mock cells. Error bars are based on the statistical
analysis of four independent experiments. (B) C2C12 myoblasts and myo-
tubes were mock or gamma irradiated with 20 Gy, cytocentrifuged, fixed,
and subjected to TUNEL analysis.
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portion of irradiated myoblasts (Fig. 6B, left panels), while
myotubes were resistant to apoptosis upon IR exposure (Fig.
6B, right panels).

Doxorubicin induces p53 phosphorylation at Ser18 and en-
forces the apoptotic response in differentiated myotubes. The
data presented so far suggest that resistance to apoptosis and
failure to activate p53 in postmitotic muscle cells upon irradi-
ation can be causally linked. The radioresistance displayed by
terminally differentiated cells may reflect a mechanism to pro-
tect against cell depletion in tissues with limited self-regener-
ative potential, such as skeletal and cardiac muscles or neu-
rons.

In order to gain further insight into the mechanisms render-
ing myotubes refractory to the activation of p53-dependent
apoptosis, we sought to investigate myotube responses to a
class of chemotherapeutic compounds, the anthracyclines,
known to trigger apoptosis in terminally differentiated cells (4,
60). To this end, myotubes were challenged with the cardio-
toxic agent doxorubicin. Using a dose-response curve, we first
determined the minimal concentration of doxorubicin capable
of inducing apoptosis in cultured skeletal and cardiac myocytes
(data not shown). Exposure to concentrations of doxorubicin
ranging from 0.5 to 1 �M induced Ser18 phosphorylation and
stabilization of p53 in C2C12 myoblasts (Fig. 7A) and corre-
lated with activation of p53 target genes (Fig. 7B) and apopto-
sis (Fig. 7C). Importantly, the same concentration of doxoru-
bicin could enforce Ser18 phosphorylation and accumulation
of p53 in C2C12 myotubes (Fig. 7A), and this correlated with
selective upregulation of Bax (Fig. 7A and B) and activation of
the programmed cell death pathway (Fig. 7C). By comparing
the activation of distinct p53-responsive luciferase reporters by
doxorubicin in myoblasts versus myotubes, we found that doxo-
rubicin could induce only the Bax-luc reporter in myotubes,
albeit to a lower extent then myoblasts (Fig. 7D). In contrast,
doxorubicin activated Mdm2-luc and p21-luc in myoblasts but
not in myotubes (Fig. 7D).

Taken together, these results indicate that anthracyclines
can enforce p53-dependent activation of apoptotic genes in
myotubes and suggest that terminally differentiated cells might
have restricted the repertoire of genes activated by p53 to
those involved in apoptotic responses.

Phosphorylation of p53 at Ser15(h)/18(m) contributes to
doxorubicin-mediated apoptosis in myotubes. The relative
contribution of p53 Ser15(h)/18(m) phosphorylation to doxo-
rubicin-induced apoptosis in myotubes was evaluated in two
independent settings by exploiting the ability of doxorubicin to
trigger apoptosis in myotubes derived from either primary sat-
ellite cells, wild-type, or p53 null mice (reconstituted with
p53wt or the p53 Ser15ala mutant) (5) or MEFs from wild-
type, p53 null, and p53 Ser18ala knock-in mice (15) and con-
verted into muscle cells by MyoD.

Exposure to doxorubicin induced apoptosis in primary sat-
ellite myoblasts and myotubes derived from wild-type mice; in
contrast, satellite cultures from p53 null mice showed partial
resistance to doxorubicin-induced apoptosis (Table 1). Rein-
troduction of p53wt into p53 null satellite cells restored (and
even increased) the apoptotic response to doxorubicin, while
reconstitution with the p53 Ser15ala mutant only partially re-
stored apoptosis in response to doxorubicin (Table 1). Notably,
the levels of p53wt and the Ser15ala mutant in reconstituted

cells were comparable, albeit twofold higher than the normal
endogenous levels of p53 in satellite cells (data not shown).

To eliminate any experimental caveat relative to the levels of
p53 in reconstituted cells, we generated myotubes from MEFs
converted into myogenic cells by infection with adenovirus-
expressed MyoD. Ectopic expression of MyoD converted
MEFs of different genotypes with comparable efficiencies
(data not shown). Myotubes derived from wild-type MEFs
were permissive for apoptosis in response to doxorubicin, while
myotubes derived from p53 null MEFs were refractory to
doxorubicin-dependent apoptosis, and myotubes derived from
p53 Ser18ala knock-in MEFs displayed an intermediate apo-
ptotic response to doxorubicin (Table 2). Partial resistance to
apoptosis was also observed in p53 null satellite myoblasts
exposed to IR or to the radiomimetic bleomycin, and it was
reversed by the reintroduction of p53wt but not the p53
Ser15ala mutant (data not shown). These results demonstrate
that phosphorylation of p53 at Ser15(h)/18(m) provides a crit-
ical signal to trigger a full apoptotic response in myotubes
exposed to doxorubicin.

Induction of ATM autophosphorylation in response to DNA
damage in both myoblasts and myotubes. Phosphorylation of
p53 at Ser 15(h)/18(m) in response to DNA damage can be
catalyzed by at least three different kinases, depending on the
type of DNA lesion. For instance, DSBs caused by IR activate
ATM-dependent phosphorylation of p53 at Ser15(h)/18(m)
(6). We began to elucidate the mechanism underlying myo-
tube-associated radioresistance by analyzing the status of acti-
vation of ATM kinase in myoblasts and myotubes exposed to
IR or to doxorubicin. As doxorubicin induces phosphorylation
of p53 and apoptosis in myotubes (Fig. 7), it was instrumental
to elucidate the molecular link between activation of ATM and
p53-dependent apoptosis in myotubes.

In response to DNA damage, ATM intermolecular auto-
phosphorylation on Ser1981 triggers its kinase activity toward
downstream substrates, and phosphorylated Ser1981 can be
detected by specific antibodies (6). In untreated myoblasts,
ATM autophosphorylation was undetectable (Fig. 8A, lane 1).
Exposure to IR or doxorubicin caused ATM autophosphory-
lation, the magnitude of which correlated with the extent of
p53 phosphorylation at Ser18; 1 �M doxorubicin induced more
pronounced autophosphorylation of ATM and Ser18 phos-
phorylation of p53 than 0.5 �M doxorubicin (data not shown)
or 10 Gy of IR (Fig. 8A, compare lanes 2 and 3). In contrast,
myotubes displayed an increased basal level of autophospho-
rylated ATM (Fig. 8A, lane 4). Although these amounts of
autophosphorylated ATM were comparable in myotubes ex-
posed to IR (10 Gy) or treated with doxorubicin (1 �M) and
only moderately reduced compared to irradiated myoblasts,
these levels of ATM autophosphorylation were not sufficient to
induce p53 Ser18 phosphorylation in irradiated myotubes de-
spite being permissive for the induction of p53 phosphorylation
on Ser18 in doxorubicin-treated myotubes (Fig. 8A, compare
lanes 5 and 6).

Immunofluorescence experiments showed that autophos-
phorylated ATM was localized in the nuclei of C2C12 myo-
blasts and myotubes, either treated or untreated, despite the
observation in other experiments that total ATM could partly
distribute in the cytoplasm of differentiated human myotubes
(data not shown). We failed to detect total endogenous mouse
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ATM with any of the commercial antibodies that we used;
however, we found by RT-PCR that the total RNA levels of
ATM did not change in response to any of the genotoxic agents
that we used in our experiments (Fig. 8B). These results indi-
cate that, in differentiated myotubes, the impaired activation of
p53 phosphorylation and apoptosis by IR (differentiation-as-
sociated radioresistance) does not reflect failure to activate

ATM by autophosphorylation. The finding that doxorubicin
activates p53 phosphorylation and apoptosis in myotubes de-
spite inducing the same levels of ATM autophosphorylation
observed after IR indicates that doxorubicin enforces this re-
sponse by affecting a downstream or parallel pathway that
converges on p53 and suggests that the differentiation-induced
radioresistance lies downstream of ATM autophosphorylation.

FIG. 7. Doxorubicin treatment restores p53 phosphorylation on Ser18 in C2C12 myotubes and this correlates with p53-induced transcriptional
activity and apoptosis. (A) C2C12-derived myoblasts (lanes 1 to 4) and myotubes (lanes 5 to 8) were either irradiated with 10 Gy (lanes 2 and 6)
and collected after 2 h or treated with increasing doses of doxorubicin (0.5 and 1 �M) for 24 h (lanes 3, 4, 7, and 8). The immunoblotting analysis
was performed with antibodies that recognize total p53, phospho-Ser15/18 p53, and tubulin. (B) Myoblasts (mb) and myotubes (mt) derived from
C2C12 cells were either mock-treated (lanes 1 and 3) or treated with 1 �M doxorubicin (lanes 2 and 4); after total RNA isolation, samples were
reverse transcribed and subjected to PCR to amplify the indicated p53 target genes. (C) C2C12 cells were grown to obtain myoblasts and myotubes,
and cells were either mock-treated or treated with 1 �M doxorubicin for 24 h and then subjected to the TUNEL assay. (D) C2C12 cells stably
transfected with Mdm2-luciferase, p21-luciferase, and Bax-luciferase reporter vectors were grown to obtain myoblasts and myotubes; cells were
mock-treated or treated with 0.5 �M doxorubicin for 24 h, and luciferase activity was measured. Error bars represent statistical analysis of three
independent experiments.
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DISCUSSION

Programmed cell death, as an ultimate response to severe
genotoxic insults, is an efficient way to eliminate potentially
hazardous, genetically unstable cells from cell populations in
higher eukaryotes, including mammals. Consistent with their
different proliferative potential for renewal and their distinct
roles in development and tissue homeostasis, embryonal stem
cells are the most sensitive to DNA damage-induced apoptosis;
proliferating lineage-committed cells, such as myoblasts, are
moderately sensitive; and terminally differentiated, nonprolif-
erating cells (e.g., myotubes) are relatively resistant to geno-
toxic stresses such as IR. The molecular basis of these biolog-
ically important differences is poorly understood. Our present
study provides novel mechanistic insights into the radioresis-
tance of myotubes, a long-lived cell type with no regenerative
potential, for which apoptosis represents a detrimental re-

sponse that could eventually threaten the life of the whole
organism.

We show that, like myoblasts, differentiated myotubes can
respond to DSBs by activating a network of DNA damage
sensors, signal transducers, and effectors whose impact even-
tually dictates the fate of the irradiated cells. Some of the key
events of this ATM-regulated network (10, 46, 62), including
the activating phosphorylation of ATM (6), ATM-dependent
phosphorylation of histone H2AX, and the recruitment to
DSB sites of MRE11 and Nbs1, two proteins involved in lesion
processing, repair, and signaling (10, 14, 27, 29, 35, 46), oc-
curred in both myoblasts and myotubes. Also, the activation of
Chk2, the DNA damage-signaling kinase downstream of ATM,
was similar in both cell types, albeit the kinetics of Chk2 acti-
vation was moderately impaired in myotubes. A striking dif-
ference among the ATM-mediated events was the lack of
phosphorylation of Ser15(h)/18(m) of p53 in irradiated myo-
tubes (this study), which is otherwise a prominent event that
promotes cell cycle arrest or apoptosis in proliferating cells,
including myoblasts (3, 15, 46, 51; this study). This ATM-
mediated activating phosphorylation of p53 normally closely
follows activation of ATM by various stimuli, including chro-
matin changes in the absence of DNA damage, when phos-
phorylation of lesion-associated factors such as H2AX is ab-
sent (6). Thus, our finding that ATM activation is uncoupled

FIG. 8. DNA damage-activated autophosphorylation of ATM and
p53 Ser15(h)/18(m) phosphorylation in myoblasts and myotubes.
(A) C2C12-derived myoblasts (lanes 1 to 3) and myotubes (lanes 4 to
6) were either irradiated with 10 Gy (lanes 2 and 5) and collected after
2 h or treated with doxorubicin (1 �M) for 24 h (lanes 3 and 6). The
immunoblotting analysis was performed with antibodies that recognize
ATM autophosphorylated at Ser1981, total p53, phospho-Ser18 p53
(p53 Ser 15/18), and tubulin. (B) RNA was isolated from samples of
the same experiments shown in panel A and, after reverse transcrip-
tion, subjected to semiquantitative PCR in order to amplify ATM and
glyceraldehhyde-3-phosphate dehydrogenase (GAPDH) (loading con-
trol) transcripts.

TABLE 1. Apoptotic response in doxorubicin-treated muscle cells
is dictated by the phosphorylation status of p53a

Satellite cells

Myoblasts (%
apoptotic nuclei)

Myotubes (%
apoptotic nuclei)

Expt 1 Expt 2 Expt 1 Expt 2

Wt 9 11 �2 �2
Wt � Dox 39 45 25 23
p53�/� 7 10 �2 �2
p53�/� � Dox 17 20 11 14
p53�/� � p53wt 49 47 6 7
p53�/� � p53wt � Dox 74 79 55 53
p53�/� � p53s15a 26 32 5 4
p53�/� � p53s15a � Dox 35 44 26 31

a Primary mouse satellite cells from wild-type (Wt) and p53 null mice were
propagated in GM (myoblasts) or induced to differentiate by incubation in DM
(myotubes). When indicated, proliferating satellite cells were transfected with
cDNA coding for the human p53 gene, either wild type or the phosphorylation-
resistant Ser15Ala point mutant, along with a GFP gene conjugated to a farne-
sylation signal that specifically localizes in the plasma membrane, to visualize
productively transfected cells without interfering with the nuclear signal. Cells
were then allowed to either proliferate or differentiate into myotubes and ex-
posed or not to doxorubicin (Dox, 1 �M). After an additional 36 h, cells were
fixed and stained for the TUNEL assay in order to score the extent of apoptosis,
as determined by the percentage of apoptotic nuclei among GFP-positive cells.

TABLE 2. Apoptotic response in doxorubicin-treated,
MyoD-converted MEF cells is dictated by

the phosphorylation status of p53a

MyoD-converted
myotubes

% Apoptotic nuclei

Expt 1 Expt 2

Wt �2 �2
Wt � Dox 46 43
p53�/� �2 �2
p53�/� � Dox 16 16
p53s18a �2 �2
p53s18a � Dox 22 26

a MEFs from from wild-type (Wt), p53 null, and p53 Ser18Ala knock-in mice
were converted into myogenic cells by infection with adenoviral MyoD and
induced to differentiate into multinucleated myotubes by incubation in DM.
After 72 h of incubation in DM, the resulting myotubes were exposed or not to
doxorubicin (Dox, 1 �M). After an additional 36 h, cells were fixed and stained
for the TUNEL assay in order to score the extent of apoptosis, as determined by
the percentage of apoptotic nuclei in multinucleated myotubes positive for the
expression of myosin heavy chain.
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from p53 phosphorylation is very surprising. Together with our
observation that the ATM-p53 axis operates normally in qui-
escent myoblasts, our data suggest the existence of a differen-
tiation-associated mechanism that selectively silences the pro-
apoptotic, p53-directed pathway downstream of ATM.

The barrier that prevents phosphorylation of p53 and apo-
ptosis in myotubes could be overcome by treatment with the
anthracycline derivative doxorubicin (this study), consistent
with the well-known cardiotoxicity caused by this drug (4, 22,
47). Importantly, the ATM-p53 proapoptotic pathway was in-
duced by doxorubicin even though the extent of ATM activa-
tion was the same as in IR-treated myotubes and, despite this
level of ATM activation, was sufficient to phosphorylate two
other ATM targets examined, histone H2AX and Chk2. De-
tailed mechanistic understanding of the selective blockade of
p53 phosphorylation and how doxorubicin overcomes or by-
passes this block are important goals for future studies. Con-
ceptually, the selectivity of the ATM effects after IR is intrigu-
ing in the light of the different patterns of spatiotemporal
redistribution of DNA damage-activated proteins (14, 27, 29,
35). Indeed, whereas H2AX (35) and Chk2 (27) are phosphor-
ylated by ATM upon their interactions in the proximity of
DSBs, phosphorylation of p53 does not appear to require its
recruitment to the site of the DNA lesion (6, 27); rather, it
occurs in the nucleoplasm of irradiated cells. These differential
modes of phosphorylation by DSB-activated ATM suggest that
myotube-associated radioresistance could be caused by a dif-
ferentiation-induced block of functional interactions between
ATM and its nucleoplasmic substrates (e.g., p53) despite the
integrity of ATM interactions with targets that reside in the
chromatin (e.g., H2AX) or require that at least transient in-
teraction with ATM at DSB sites (e.g., Chk2) remain opera-
tional.

From a broader perspective, our study suggests the existence
of hitherto unknown pathway-selective silencing that may
shield some (here p53) but not other (such as H2AX) targets
from being phosphorylated by ATM after irradiation of termi-
nally differentiated cells. We propose that this selective chan-
neling of the DNA damage-induced, ATM-mediated effects
towards genome maintenance functions, such as lesion pro-
cessing and repair by H2AX and MRE11/Nbs1 (29, 35, 46),
may contribute to long-lasting genome integrity and proper
function of differentiated tissues while avoiding tissue loss due
to apoptosis. It may be rewarding to examine whether this or
analogous mechanisms guard against DNA damage-induced
cell death in other differentiated tissues as well. Further elu-
cidation of the selective apoptosis-preventing mechanism re-
ported here may help identify putative targets for intervention
aimed at either counteracting muscle wasting or attenuating
the cardiotoxicity induced by chemotherapy.
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